Introduction
[2] Growth of topographic relief is at the center of feedback systems that link climate, tectonics and erosion. To fully understand the interdependency between these different processes we need to be able to reconstruct the topographic evolution of major mountain belts such as the Himalaya. However, this is difficult to achieve directly from present-day exposures as much of the record has been eroded away. Therefore we need to look into the sediment record to reconstruct the history of orogenic exhumation. In the case of the Himalaya this requires studying sediment from the Indus and Bengal Fan systems.
[3] Knowledge of contemporary Himalayan erosion is based on fluvial output [e.g., Galy and France-Lanord, 2001 ], or erosion indices integrating precipitation, stream power and shear stress [e.g., Finlayson et al., 2002] . These studies reveal spatially variable and focused erosion that drives and maintains localized rock uplift [e.g., Zeitler et al., 2001] . It is also apparent that areas with highest topographic relief tend to have higher erosion rates, so that these areas might be expected to dominate the sediment record. In this study we employ thermochronology to characterize the exhumation in the western Himalaya using contemporary Indus River sediment. We assess how well topographic signals associated with areas of high erosion can be recovered and linked to the original source area. In this respect the Indus River is well served because the exhumation history of the catchment ranges has been described in some detail by earlier thermochronological studies.
[4] The results from this study have implications for the interpretation of the marine stratigraphic record deposited in the Arabian Sea. The sediments of the Indus Fan are expected to contain a complete record of the exhumation history of the western Himalaya, with implications for the climatic and tectonic evolution of the area since the start of India-Asia collision. Decoding this record may allow models proposing links between the tectonic evolution of the mountains and the climate to be tested [e.g., Harrison et al., 1992; Molnar et al., 1993] . However, we first need to understand the relationship between the modern bedload of the river and its source terrains.
[5] In this paper we present a series of thermochronometric measurements made from a single sample of sand taken from the main course of the Indus River at Thatta, close to the present delta mouth (Figure 1 ). This sample is presumed to be representative of the sediment now being delivered to the Arabian Sea by the Indus River, thus allowing the relationship between the bedload of the Indus River, the modern topography of the drainage, and its exhumation history to be examined. We have analyzed different mineral grains from this sand in order to understand the use of each mineral group as a provenance tool and to explore the history of crustal accretion, metamorphism and exhumation within the western Himalaya. Although thermochronometric data from outcrop studies are used to help interpret the detrital grain ages we recognize that outcrop studies necessarily cover only a limited region, which may or may not be representative of the entire region, especially as geologists tend to sample areas that have the most ready access. The bedload of the river however derives grains from all the actively eroding parts of the drainage, making this potentially a more representative sample of the catchment bedrock sources.
Analytical Methods
[6] In this study three different thermochronometric methods are employed to monitor the source of sediment to the lower Indus. Each method is sensitive to a different temperature range and therefore different stages of source thermal evolution: The high-temperature U-Pb data record zircon crystallization ages, while 39 Ar/ 40 Ar dating of mica grains records postmetamorphic cooling and exhumation through intermediate depths and temperatures. Finally, lowtemperature apatite fission track ages are used to monitor exhumation and cooling in the uppermost part of the crust. The benefit of using three different thermochronometers is that it enables a more complete picture of the sediment source to be developed and reduces lithological bias associated with the use of a single mineral phase.
[7] Zircon U-Pb dating reflects the time of zircon growth, which in most cases is the rock crystallization age. The U-Pb system is mostly unaffected by high-grade metamorphism and is effectively stable up to $750°C [Cherniak and Watson, 2001; Carter and Bristow, 2000] . Detrital zircon U-Pb ages from river sediments are therefore expected to be representative of the range of crustal ages within the drainage basin. In contrast, the 39 Ar/ 40 Ar age of a detrital mica typically reflects the time at which that mineral cooled through 250 -350°C for biotite, 350 -400°C for muscovite [Hodges, 2003] following peak metamorphism. The technique has proven useful in dating metamorphic events throughout the Himalaya and Karakoram (Figure 2) , two separate ranges that show significantly different cooling histories [e.g., Searle, 1996; Guillot et al., 1999] . The 39 Ar/ 40 Ar method has also been successfully used as a provenance tool dating the foreland sediments . The low-temperature apatite fission track method, which records cooling through $125 -60°C over timescales of 1 -10 m.y. [Green et al., 1989 ] is particularly sensitive to exhumation driven by erosion and has been widely used in Himalayan exhumation studies. It is also an effective provenance tool [e.g., Carter, 1999] and has been used in previous studies of Indian Ocean sediments recovered by Ocean Drilling Program (ODP) [Corrigan and Crowley, 1990] .
[8] U-Th-Pb isotopic compositions of zircons were analyzed at the Australian National University, Canberra, using Excimer Laser Ablation Inductively Coupled Plasma Mass Spectrometry (ELA-ICP-MS). The zircons were separated from the bulk sediment by conventional magnetic and heavy liquid separation techniques. The extracted zircons were mounted in epoxy resin and polished. Optical photomicrographs were used to map and select least-fractured and inclusion free zircons for analysis. Dating by ELA-ICP-MS followed a procedure described by Ballard et al. [2001] .
Samples were ablated with a pulsed 193 mm ArF LambdaPhysik LPX 1201 UV Excimer laser with constant 100mJ energy and a repetition rate of 5 Hz. The laser makes a pit in the crystal 29 mm in diameter and $20 mm deep, much deeper than the $2 mm depth formed by ion probe methodologies. A mixed Ar-He (with minor H 2 ) carrier gas transported the ablated material from the sample cell into a flow homogenizer to an Agilent 7500 ICP-MS. Hg blank, believed to reside in the carrier gas, 204 Pb was not measured.
[9] The integration time for the three Pb isotopes was 50 ms, 25 ms for U and Th, and for all other isotopes it was 5 ms with a total mass sweep time of 0.32 s. Background was measured for 20 s with the laser turned off, and the sample measured for a further 40 s with the laser turned on, giving $130 mass scans for a penetration depth of $25 mm. After triggering the laser, it took approximately 10 mass scans to reach a steady signal, so the initial data were excluded from data reduction. Depthdependent interelement fractionation of Pb, Th and U [e.g., [Compston et al., 1984] ) and the calculated amount subtracted, assuming a common Pb composition from the age-dependent Pb model of Cumming and Richards [1975] . Common 206 Pb is generally less than 1% of total 206 Pb. Given the age of the rocks analyzed here, model common Pb compositions do not vary greatly, and, at this level of common Pb, the model selected is irrelevant in terms of the calculated age (affecting a maximum change of 0.2%). In most cases, the resulting ratios were nearly concordant (see criteria below).
[10] Ages are calculated from data collected from regions free of inclusions and with a flat isotope response. Only analyses that were at least 10 mass scans wide were interpreted. In cases where a distinct core and rim were intersected (i.e., representing an original magmatic event and a later metamorphic overprint), one laser ablation might produce two results. Once the data were compiled, an analysis was rejected for interpretation on the basis of the following: (1) the observed variance in 206 Pb/ 238 U or 207 Pb/ 206 Pb (depending if the grain is > or <1200 Ma) is more than three times that calculated from counting statistics (this procedure omits grains that record mixed ages), or (2) the grain is deemed to be discordant. Ar laser fusion analyses were performed at the Massachusetts Institute of Technology (MIT) using procedures similar to those described by Hodges and Bowring [1995] . Prior to analysis, samples were irradiated in the C5 position of the McMaster University Nuclear Reactor for 10 hours with a total power of 20 MW. After fusion with an Ar-ion laser, the released gases were purified for 10 min with Al-Zr and Fe-Zr-V getters and then admitted to an MAP 215-50 mass spectrometer for Ar isotopic analysis using an electronic multiplier. The final data reduction was conducted with the program ArArCalc [Koppers, 2002] . The conversion efficiency of 39 K to 39 Ar was monitored using sanidine from the Taylor Creek rhyolite (TCR-2) with an assumed age of 28.34 Ma [Renne et al., 1998 ]. Corrections for neutron-induced interference were made by the factors previously determined at MIT using K 2 SO 4 and CaF 2 salts. Results are summarized in Tables 2a and 2b , and the complete set of analytical data is available in the auxiliary material 1 .
[12] During the initial phase of this study, aliquots of ten crystals each of biotite or muscovite were fused per analysis. Later in the course of this study, significant software and hardware improvements in the noble gas laboratory at MIT made it possible to analyze individually the 200-400 mm diameter mica grains found in the sediment sample studied here. Therefore we analyzed a set of about fifty crystals each of muscovite and biotite using single crystal fusion techniques. In general, the integrated age of the 47 muscovite crystals fused individually compares well with the integrated age of the $470 muscovites fused as 10 crystals at a time (22.4 ± 1.1 versus 25.1 ± 1.2 Ma, respectively; Tables 2a and 2b ). However, the integrated age of the 46 biotite crystals fused individually is significantly younger than the integrated age of the $490 biotite crystals fused 10 crystals at a time (20.8 ±1.6 versus 31.4 ± 2.7 Ma, respectively; Tables 2a and 2b). We suspect that this is mainly an artifact of the hand-picking process; fresh muscovite were abundant enough in this sample so that there was no significant difference between a population of $50 or 500 grains, but in trying to pick a larger number of biotite crystals, we may have included a number of older, more altered grains that were selectively avoided when choosing the freshest looking grains for single crystal analysis.
[13] Apatite fission track analysis was performed at University College, London, UK. Polished grain mounts of apatite were etched with 5N HNO 3 at 20°C for 20 s to reveal the spontaneous fission tracks. Subsequently the uranium content of each crystal was determined by irradiation, which induced fission in a proportion of the 235 U. The induced tracks were registered in mica external detectors.
The sample for this study was irradiated in the thermal facility of the Hifar Reactor at Lucas Heights, Australia. The neutron flux was monitored by including Corning glass dosimeter CN-5, with a known uranium content of 11 ppm, at either end of the sample stack. After irradiation, sample and dosimeter mica detectors were etched in 40% HF at 20°C for 45 min. Only crystals with sections parallel to the c-crystallographic axis were counted, as these crystals have the lowest bulk etch rate. To avoid biased results through preferred selection of apatite crystals the sample was systematically scanned and each crystal encountered with the correct orientation was analyzed, irrespective of track density. The results of the fission track analysis are presented in Table 3 .
U-Pb Dating of Zircons
[14] The results of zircon dating sample TH-1 are shown in Figure 3 , which plots the entire range of U-Pb crystal- 
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CLIFT ET AL.: THERMOCHRONOLOGY OF THE INDUS RIVER lization ages, while Figure 4 shows in more detail the last 500 m.y. In each case the age histogram is shown together with ages derived by earlier U-Pb zircon studies from possible basement source regions. Indian plate sources are represented by the Greater and Lesser Himalaya [Noble and Searle, 1995; Parrish and Hodges, 1996; Hodges et al., 1996; DeCelles et al., 2000] , Pakistan Himalaya (west of Nanga Parbat [Zeitler and Chamberlain, 1991; Anczkiewicz et al., 2001] , and the Nanga Parbat-Haramosh Massif [Zeitler and Chamberlain, 1991; Zeitler et al., 1993] 
CLIFT ET AL.: THERMOCHRONOLOGY OF THE INDUS RIVER potential for bias whereby the age characteristics of the Greater and Lesser Himalaya are much better known than other parts of the drainage, including the Karakoram, where coverage is less complete. The Hindu Kush in particular has no U-Pb zircon age control. However, earlier geochemical based provenance work on Indus River sediment suggests that the Hindu Kush is not a major supplier of sediment to the main river [Clift et al., 2002a; Lee et al., 2003] , so that our inability to account for its influence should not lead to major errors in understanding the erosion patterns in the Indus drainage.
[16] The data presented in Figure 3 shows that the vast majority of zircon grains in the Indus River have crystallization ages much older than India-Asia collision at $50 Ma, indicating that while that collision clearly deformed and metamorphosed large crustal blocks in the western Himalaya and Karakoram it was not responsible for the generation of large volumes of new crust. The age histogram in Figure 3a , contains several distinct age modes that extend as far back as the Achaean. The durability of the zircon U-Pb system means these older ages are mostly inherited or recycled grains and this is borne out by studies on the Greater Himalayan rocks that have shown the protoliths had an east African origin [DeCelles et al., 2000] . Although these ages have no direct significance in terms of Himalayan growth, they are useful for provenance reconstruction. The zircon U-Pb ages measured on Greater and Lesser Himalayan rocks contain the same range of Proterozoic and Achaean ages as the Indus sediment sample (Figures 3b-3g) . This correspondence suggests a significant sediment flux from Greater and Lesser Himalayan sources to the Indus River. Nonetheless, it is also possible that some material may be derived from the Dassu Dome and other metamorphic complexes in the southern Karakoram, which has also yielded Proterozoic zircon U-Pb ages [Fraser et al., 2001 ]. This region is affected by strong erosion and has high exhumation rates [5 -7 km/m.y.; Poupeau et al., 1991; Villa et al., 1996] . The role of the Southern Karakoram Metamorphic Belt (SKMB) as a sediment source to the Indus River has also been inferred in earlier provenance studies [Clift et al., 2002a; Lee et al., 2003] .
[17] Grains dated at <200 Ma match several basement ages measured in the Karakoram, although the Kohistan Arc may also be a source of grains of that age. These areas are the only clear source of recent crustal accretion in the western Himalaya. Detrital peaks at $500 Ma and $900 Ma match well with the age spectrum for the Greater Himalaya and are interpreted to reflect erosion from these sources. The $500 Ma peak in particular forms a good match with the inherited zircons found in the granites of the Zanskar Himalaya [Noble and Searle, 1995] , representing some of the highest topography in the Indus drainage.
[18] More detailed provenance conclusions may be reached by focusing on only the last 500 m.y. (Figure 4 ). In Figure 4 the importance of grains dated at <140 Ma can be seen. Although, there are grains dated at 400 -500 Ma, (N d,s,i ) , using Zeiss Axioplan microscope, 1250Â total magnification, 100Â dry objective. Analyses by external detector method using 0.5 for the 4p/2p geometry correction factor; only crystals with prismatic sections parallel to c-crystallographic axis analyzed. Irradiation in thermal facility of Risø Reactor, National Research Centre, Roskilde, Denmark (cadmium ratio for Au > 400) using dosimeter glass CN-5 to monitor neutron fluence. Ages calculated using zCN5 = 339 ± 5 calibrated by >33 analyses of IUGS apatite age standards. Pc 2 is probability for obtaining c coinciding with U-Pb zircon ages from Zanskar Greater Himalayan granites, these are less abundant than the younger grains, suggesting a greater erosional contribution from the Karakoram to the bedload. A number of age maxima can be identified, which correlate quite closely with possible source regions in the Karakoram. A peak at $100-120 Ma correlates well with the known age of the K2 Gneisses . Similarly, grains yielding ages of 20-35 Ma match well with pegmatite and granite ages from the main Karakoram (Baltoro) Batholith [Searle et al., 1989; Schärer et al., 1990; Fraser et al., 2001] . While these data do not prove that these areas are providing significant volumes of sediment, they are consistent with that hypothesis, which is further supported by earlier isotopic work on sediments from the Indus tributaries [Clift et al., 2002a] .
[19] Resolving the erosional component of the Kohistan Batholith using U-Pb zircon ages is difficult because of the significant overlap between the age of this unit and the Karakoram. While Kohistan must be contributing some material to the Indus bedload this unit experienced lower recent exhumation rates than seen in the SKMB [Krol et al., 1996a; Zeilinger et al., 2001] , suggesting a lesser erosional contribution. This prediction is supported by geochemical provenance constraints [Clift et al., 2002a; Lee et al., 2003] . Contributions from the Transhimalaya further east (e.g., Ladakh Batholith) are similarly believed to be small, especially as fission track constraints from that region show even slower recent exhumation [Sorkhabi et al., 1994; Clift et al., 2002b] . Although the Pakistan Himalaya comprises some rocks with young zircon ages (30 -70 Ma), which approximately match some of the detrital grains, the lack of any detrital ages in the 240-290 Ma range argues against this range being a major sediment supplier to the Indus (Figure 4d ).
Ar-Ar Dating of Mica
[20] Differences between the single grain and 10-crystal batch analysis of micas are shown in Figure 5 . As might be expected the muscovites show a similar average age for each method but with differences in the ability of the single grain method to detect small grain populations which are homogenized in the bulk approach. This is especially true of Ar age spectrum of both muscovite and biotite mica grains measured as single grains versus batch analysis of 10 grains at a time. Note that the batch analysis provides a reasonable average of the muscovite population it fails to identify the smaller grain populations with the youngest or oldest ages. The results of the single grain analysis for biotites shows a major shift to younger values compared to the bulk grain analysis. a sharp peak in ages around 5 -6 Ma seen in the single grains that is not seen in the bulk analysis. The situation of the biotite grains is more problematic as there is a significant offset in the averages derived from each approach, with the single grain method highlighting a preference for grains <15 Ma, compared to the average of $25 Ma seen in the batch analysis. The reason for this offset is not clear and seems to suggest sampling of different populations of grains. Figure 5 does highlight the potential dangers of assuming that batch analyses provide a good image of the age spectrum, as the importance of young grains and thus young source exhumation is not resolved in the batch method. Consequently we only use the single grain dates for further consideration in this study.
[21] The 39 Ar/ 40 Ar age distribution of detrital biotite and muscovite grains from TH-1 is shown in Figure 6 . It is noteworthy that these two minerals have quite different age distributions, with the principal of the age distributions at 0 -15 Ma and 15-25 Ma, respectively. This implies that the source terrains now being eroded first cooled through the muscovite closure temperature 350°-400°C ($11-13 km) relatively quickly during the early Miocene, but that the sources did not pass through the 250°-350°C (8 -11 km) range until after 15 Ma.
[22] All the muscovite grains and all but two of the biotite grains give ages that postdate the consensus India-Asia collision age at this longitude of $50 Ma [e.g., Garzanti et al., 1987; Rowley, 1996; Searle et al., 1987; Garzanti and van Haver, 1988] . This requires that the overwhelming majority of the sediment carried by the Indus River was eroded from source terrains deformed and exhumed as a result of the collision between India and Asia. The Precambrian Indian Shield and its cover, even that deformed in the Lesser Himalaya, can thus be eliminated as major sediment sources.
[23] These detrital mica ages can be compared with those measured from the distal Bengal Fan at ODP Site 717, located in the eastern Indian Ocean south of Sri Lanka . Figure 6 shows that mica ages in the most recent sediments analyzed from the Bengal Fan (1.9-2.7 Ma) are typically younger than those in the Indus River, showing a principal Ar ages measured from Indus River (a) biotite and (b) muscovites, compared to those known from (c) the Bengal Fan , and from the (d) 12.5 Ma Siwalik Group [White et al., 2002] , (e) 17 Ma Siwalik Group [White et al., 2002] , and the (f ) early Miocene Dharamsala Formation [Najman et al., 1997] . Both Siwalik and Kasauli Formations are foreland basin units, now imbricated within the Lesser Himalaya. mode at 10 -15 Ma. This shows that these river systems are draining sources with different exhumation histories. Both the Bengal Fan and the Indus River show some mica ages that are close to, or within error of, the depositional age, indicating that they are, and have been, eroding sources which are being rapidly exhumed from depth >11 km, although these do not do not dominate either erosional flux. The bulk of the Indus River muscovites fall within the range 15 -25 Ma. If we assume steady state cooling and assume an initial geothermal gradient around 30°C/km and allowing for the effects of advection [Stüwe et al., 1994; Moore and England, 2000] , these ages equate to source exhumation rates of 450 -900 m/m.y. This is much lower than the peak rates between 3 -7 km/m.y. estimated from potential sources in the SKMB [e.g., Villa et al., 1996] or the Nanga ParbatHaramosh Massif where the majority of bedrock mica ages are <10 Ma [Treloar et al., 2000; Moore and England, 2000] . Our age data indicates that these areas, though tectonically very active and extremely elevated, do not generate a large proportion of the total bedload, though they must be the sources for the grains dated at <10 Ma. This is consistent with models that propose the cooling at Nanga Parbat is primarily tectonically driven [Hubbard et al., 1995; Treloar et al., 2000] .
[24] The provenance of the Indus River can be constrained by comparison of our detrital mica ages with those measured from basement rocks in the drainage basin. In this study we compile Greater Himalaya ages from Maluski et al. [1988] , Searle et al. [1992] , Metcalfe [1993] , Walker et al. [1999] , Guillot et al. [1999] , Stephenson et al. [2001] , and Stüwe and Foster [2001] . Ages from the Pakistan Himalaya, west of Nanga Parbat come from the work of Fontan et al. [2000] and Treloar and Rex [1990] , while the Karakoram are constrained from Searle et al. [1989] , Villa et al. [1996] , Krol et al. [1996b] , and Brookfield and Reynolds [1990] . Kohistan-Ladakh Batholith exhumation was dated by George et al. [1995] , Villa et al. [1996] , Dunlap and Wysoczanski [2002] , and Clift et al. [2002b] . Age constraints for the Nanga Parbat-Haramosh Massif were derived from Zeitler [1985] , Zeitler et al. [1989] , Winslow et al. [1996] , George et al. [1995] , and Treloar et al. [2000] .
[25] The age spectra of these different sources are shown in Figure 7 . In terms of the muscovite ages the detrital grains are compatible with erosion from the Greater Himalaya, but seem to preclude a dominant flux from either Nanga Parbat or the Pakistan Himalaya. The lack of basement age data means that the contribution of the Karakoram cannot be judged from this mineral group alone. Muscovite ages from the Pakistan Himalaya seem to be generally older than the bulk of those in the river, indicating that this source is not dominant, although it may be the only source capable of producing the grains dated at 30-35 Ma. The dominance of 0 -15 Ma biotite ages indicates that erosion from a combination of the Karakoram, Greater Himalaya and Nanga Parbat is inferred. Although the grains <5 Ma would seem to require significant erosion of Nanga Parbat, some of this material may also be coming from fast exhuming terranes in the Karakoram for which little biotite 39 Ar/ 40 Ar age data exist. The lack of young muscovite grains seems to preclude Nanga Parbat from being a major sediment generator. Peak biotite ages in the Greater Himalaya and Karakoram provide strong overlap, consistent with their expected controlling role in sediment formation. The Kohistan Arc has several age determinations that match river grain ages, but also scatters to older values that are not seen in TH-1 [Krol et al., 1996a] , indicating that this unit is not the prime sediment source.
[26] The 39 Ar/ 40 Ar age distribution of detrital biotite and muscovite grains from TH-1 can thus be interpreted to reflect dominant erosion in the modern river from the Greater Himalaya and Karakoram, with lesser input from Nanga Parbat and the Pakistan Himalaya. Recycling from older foreland sediments may occur but is not a dominant part of the bedload.
Apatite Fission Track Analysis
[27] The apatite fission track results are shown graphically as a radial plot in Figure 8 , allowing both the age and the uncertainty of any given grain to be assessed. The FT data are limited by the low number of analyzable grains (only 19), which also prevented track length measurement. Nevertheless, two distinct age populations were found in sample TH-1 and these are shown on the radial plot. The oldest mode at $14 ± 4 Ma comprises only three grain ages, while the dominant group at 2.2 ± 0.6 Ma contains 16 grain ages. The older mode implies a relatively stable source that has experienced moderately low rates of exhumation ( 200 m/m.y.). In contrast, the exhumation rates for the dominant younger mode must have been much faster and closer to 1 km/m.y. (allowing for advection effects). The rate of exhumation inferred by the bulk of the FT data ($1 km/m.y.) is slightly faster than for the argon data (450-900 m/m.y.). Assuming the apatite and mica grains are derived from the same terrain this difference suggests a recent (prior to 2 Ma) acceleration in exhumation, probably starting since the Pliocene. The significant number of biotite ages <10 Ma also supports the idea of faster exhumation starting in the recent geologic past, especially since the late Miocene.
[28] Such a change in exhumation rates might also reflect different sensitivity of each method to different processes. Mica (especially muscovite) ages are more closely linked to deeper, crustal-scale faulting and tectonic denudation, while the lower temperature apatite FT system is more sensitive to surficial processes such as enhanced fluvial and glacial erosion. A post-Pliocene acceleration in erosion rates is consistent with the model of Zhang et al. [2001] that linked faster continental erosion and a more intense glacial climate after $4 Ma. It is also noteworthy that Clift et al. [2003] recorded a moderate increase in Pleistocene sedimentation rates on the Indus Fan over the same time period.
[29] As with the other mineral thermochronometers a difference is observed between the Indus River and the Bengal Fan. The latter showed an average age of 4.8 Ma for the Pleistocene sediments sampled at ODP Site 717 [Corrigan and Crowley, 1990] . The age spectra of single grain ages are shown in Figure 9 , where the Indus and Bengal systems are compared, together with basement data from the Greater Himalaya [Kumar et al., 1995; Sorkhabi et al., 1996; Searle et al., 1997; Jain et al., 2000; Stüwe and Foster, 2001] , Nanga Parbat [Zeitler, 1985; Warner, 1993; Foster et al., 1994; Treloar et al., 2000] , Pakistan Himalaya [Zeitler, 1985] and the Karakoram [Carpena and Rutkiewicz, 1989; Poupeau et al., 1991; Foster et al., 1994] . Ages from the Kohistan Arc are from Zeitler [1985] and Zeilinger et al. [2001] .
[30] The limited fission track data show at least two sources exhuming at different rates are contributing to the Indus River and that these differ from those feeding the geologically recent Bengal Fan. The older minority set of fission track ages ($14 Ma) is comparable to data from the Kohistan Arc or Pakistan Himalaya, though other possible sources include the Greater Himalaya [Searle et al., 1997] . Young apatite FT ages have been recorded in the region of K2 in the Karakoram (2.1-4.3 Ma [Foster et al., 1994] ) and in the SKMB (0.8 -3.8 Ma [Poupeau et al., 1991] ). It is clear that grains eroded from these regions must be delivered to the modern Indus River, and that the SKMB may be a source of young apatites to the Indus. In contrast the Karakoram Batholith has been experiencing much slower exhumation (rates of <1km/m.y. [Krol et al., 1996b] , resulting in slightly older fission track ages of $3 -5 Ma inconsistent with the younger grains seen in TH-1. Another possible source area is the Nanga Parbat-Haramosh Massif. However, here exhumation rates are extremely high (>2 km/m.y.) and most of the recorded FT ages are too young at <1 Ma. The other mineral groups discussed above also argue against Nanga Parbat being a dominant source. The Greater Himalaya are capable of providing the large number of grains with ages <3 Ma. In particular, analyses of rocks in the upper Sutlej Valley [Jain et al., 2000; Vannay et al., 2003] demonstrate that suitable sources exist in the Indus drainage to provide such grains to the lower reaches of the river. Given the constraints from the zircon and mica dating it seems likely that the SKMB and especially the Greater Himalaya are the major sources of young apatite grains to sample TH-1.
[31] In conclusion, the mostly young (2.2 Ma) apatite fission track ages from the lower Indus River are compatible with a dominant provenance from the Greater Himalaya and to a lesser extent the SKMB. Mica Ar-Ar ages and geochemistry argue against a dominant role for the Nanga ParbatHaramosh Massif. The older minority set of fission track ages ($14 Ma) are more similar to those known from the Kohistan Arc or Pakistan Himalaya, though suitable sources are also known in the Greater Himalaya [Searle et al., 1997] .
Contribution of Recycled Sediments
[32] A fundamental uncertainty is the contribution of recycled sediment derived from older foreland sequences to the modern bedload. Previous studies that have determined Ar-Ar ages from detrital mica from the Neogene Dharamsala Formation and Siwalik Group of the IndoPakistani foreland basin showed a wide range of ages, extending from the Proterozoic to Neogene [e.g., White et al., 2002; Najman et al., 1997] . The age distribution of mica ages in the foreland sediments is closely similar to those in the modern Indus ( Figure 6 ) and might imply that some of the Indus sediments derive from foreland sources. However, only two of the Indus River muscovite ages are older than 70 Ma, contrasting with the foreland mica ages, which have a significant component of grains older than 200 Ma (e.g., Figure 6 [ White et al., 2002] ). The absence of old mica ages from the sample TH-1 strongly suggests that little if any material is being recycled from foreland sources.
[33] The Neogene Siwalik Group, deposited within the modern drainage of the Indus, shows a range of muscovite ages that seem to predate their depositional age of 12.5 Ma by $10 m.y. (Figure 6d [White et al., 2002] ), a pattern which is closer to the modern Bengal Fan than the Indus Fan. However, older Siwalik Group sediments deposited at 17 Ma and 20.5 Ma (Figures 7e and 7f ) show cooling ages that are even closer to the age of deposition [White et al., 2002] , implying faster source exhumation at that time compared to the modern state. Micas from the early Miocene Dharamsala Formation show a maximum number of cooling ages that are only slightly older than the age of sedimentation [Najman et al., 1997] , implying the fastest exhumation rates. The ages of modern Indus River micas are thus consistent with a gradual slowing of source exhumation rates in the Indus drainage basin since the early Miocene.
Implications for Continental Genesis
[34] By sampling wide areas of crust in south Asia the Indus River allows broad patterns of continental evolution to be reconstructed, drawing on all three of the mineral groups considered here. U-Pb ages for zircon show that only small amounts of the total crust now being eroded was melted during India-Asia collision-related magmatism, deformation and metamorphism, totally only seven of the 132 grains analyzed ($5%), all likely from the Karakoram and/or Kohistan Batholith. Another 21 grains (16%) were of Mesozoic age and reflect active margin magmatism along the southern margin of Asia prior to collision. The substantial majority of the crust (69%) is of Precambrian origin. Conversely, because practically all the detrital mica ages are postcollisional and most of the apatite fission track ages are $2 Ma we can see that the sediment source regions, i.e., the mountains, not the Indian Shield, have been strongly thermally reset by collision.
Implications for the Deep-Sea Marine Record
[35] The new detrital age data for the modern Indus River presented here suggests that the bedload of the river is dominated by material from areas undergoing strong ero- sion, which correlates with regions that have the highest topography and most relief [Finlayson et al., 2002] within the modern catchment, i.e., from the Karakoram and Greater Himalaya. Erosion of material from the Lesser Himalaya and recycling of sediment from older foreland basin sequences accounts for only a small fraction of the total bedload reaching the Arabian Sea. Similarly, if sediment is being sequestered and temporarily stored on the Indus floodplain before delivery to the Arabian Sea this is either volumetrically insignificant or must be occurring on shorter timescales than the youngest ages (i.e., <2 m.y.).
[36] The thermochronometric provenance constraints have to be considered in the light of Nd and Pb isotopic provenance controls from the Indus River, which favored a dominance by the Karakoram over the Greater Himalaya in providing material to the deep sea Indus Fan [Clift et al., 2002a] , a pattern that is not apparent here. However, in that study sample TH-1 was seen to differ from sediments taken from higher parts of the modern drainage, or from older Indus Fan sediments from the Arabian Sea. Further analyses are required from the lower reaches in order to determine if TH-1 is truly representative of the bedload now being delivered into the Arabian Sea. The bulk sediment Nd isotopic character of TH-1 is much more radiogenic than is typical for the historical Indus system, e Nd = À15.5, compared to À10.8 just above the Tarbela Dam, and À12.5 to À14.0 at ODP Site 720 on the Indus Fan (Figure 1) , implying a disproportionately large influence from the Greater Himalaya relative to the Karakoram in TH-1 [Clift et al., 2002a] . If sample TH-1 is representative of the bedload then the lower reaches today Figure 9 . Frequency histograms for apatite fission track ages of single grains, divided into 1 m.y. bins from (a) the Indus River at TH-1 and (b) the Bengal Fan (data from Corrigan and Crowley [1990] ). Both systems show a recent peak in values, but the 5 -6 Ma maximum in the Bengal Fan is not seen in the new Indus data. Apatite fission track ages are also shown for the (c) Greater Himalaya, (d) Nanga Parbat, (e) the Karakoram, (f ) Kohistan and (g) Pakistan Himalaya. have more material delivered by the Himalaya-draining tributaries (Sutlej, Jellum, Chenab, and Ravi) than can have been the case for most geological time. The reasons for this strong Greater Himalayan flux may be linked to the damming of the main Indus River at Tarbela and other locations. Our thermochronology study is consistent with the isotopic provenance constraints in showing a strong Greater Himalayan signal in TH-1, although a Karakoram signature is still apparent and resolvably different within the mixed sediment of the lower river.
[37] The implications of this study, that the Indus bedload is strongly biased toward areas of highest erosion and topography has important implications for our ability to use the marine sedimentary record to reconstruct the growth of topography onshore. Although the influence of the Lesser Himalaya and recycled foreland sediments (Siwalik, Dharamsala, and Kasauli Formations) to the three different mineral budgets is difficult to robustly assess, it is clear, based on these results, that they can only form a relatively minor components of the total flux. This means that the deep sea fan sediments should retain a clear signal of regional topographic growth in the western Himalaya and Karakoram.
Conclusions
[38] This study has demonstrated the benefits of combining several thermochronometers to study the provenance of sediments. The combination of U-Pb dating of zircon grains, 39 Ar/ 40 Ar dating of micas and fission track analysis of apatites taken from river sand from the lower Indus River provide important new insights on the provenance of this drainage. U-Pb dates show a mixed provenance of material, eroded from the Greater Himalaya, together with inputs from the Karakoram and Lesser Himalaya, including small volumes of recycled foreland sediment. Mica ages show a strong distinction between the Indus and Bengal Fan systems, reflecting the different exhumation histories in their drainage basins. Mica ages are typically younger in micas from the Bengal Fan than from the Indus River, reflecting the different tectonic histories of the source terrains. The 15-25 Ma peak in muscovite 39 Ar/ 40 Ar ages in Indus River sediment indicates that the sources of detritus to the bedload have not been exhuming at very fast rates since the early Miocene, when it was at its peak. In contrast, younger biotite 39 Ar/ 40 Ar and apatite fission track ages suggest that erosion rates have increased since the late Miocene-Pliocene. The long term exhumation rates implied by the fission track and 39 Ar/ 40 Ar dating are somewhat slower than the highest rates measured in limited areas of the Nanga Parbat-Haramosh Massif and SKMB, indicating that such sources do not dominate the sedimentary record. Conversely the lack of very old mica and fission track ages implies that the Indian Shield, Lesser Himalaya, and foreland sediments are not major suppliers of sediment.
[39] The sediment reaching the Arabian Sea as bedload to the Indus River thus appears to be dominated by sources derived from the highest ranges in the modern catchment. This suggests that the geological record of erosion stored in the sediments of the Indus Fan contains a recoverable signal of the growth of the western Himalaya. This resource provides the best opportunity for reconstructing Himalayan topographic relief evolution essential for testing climate models that link monsoon strength to topographic uplift in south Asia.
